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Abstract 
Neutron resonance absorption radiography is a technique to enhance neutron transmission images of specific nucleus 
at neutron resonance energies. Demonstration measurements by using a lithium-glass pixel type scintillator and a gas 
electron multiplication (GEM) neutron detector were carried out at NOBORU beam line in MLF/J-PARC for sodium, 
manganese, cobalt, copper, zinc, molybdenum, cadmium, indium, tantalum and gold. To discuss advantages of the 
resonance absorption radiography the mass attenuation coefficient at resonance energy of each element was 
compared to that at 25 meV. In addition a visibility index derived by a resonance peak cross section and a relative 
width (full width at half maximum divided by its resonance energy) was proposed to summarize visibility of the 
neutron resonance absorption radiography for natural elements. The values of visibility index and the resonance 
energy indicated that large advantages of the resonance absorption radiography were obtainable for the following 
elements: sodium (Na), manganese (Mn), cobalt (Co), rhodium (Rh), silver (Ag), cadmium (Cd), indium (In), xenon 
(Xe), cesium (Cs), samarium (Sm), europium (Eu), dysprosium (Dy), erbium (Er), thulium (Tm), hafnium (Hf), 
tantalum (Ta), tungsten (W), rhenium (Re), iridium (Ir) and gold (Au). 
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1. Introduction 
A neutron imaging beam-line is in construction at the pulsed neutron source in the Material and Life 
Science Experimental Facility (MLF) of the Japan Proton Accelerator Complex (J-PARC). This beam line 
has mainly three options in addition to the conventional neutron radiography: crystal structure, magnetic 
field and elemental distribution measurements. These options are expected to explore new applications in 
widespread research fields. In this paper, the authors focus on the elemental distribution function which 
makes it possible to enhance images of specific nucleus at neutron resonance energies. As a first step to 
exploit new applications of the neutron resonance absorption radiography, a demonstration measurement 
was carried out at the test beam line NOBORU [1, 2] in MLF/J-PARC by using a high-speed video 
camera [3]. Neutron transmission images of cobalt, cadmium, gold, tantalum and indium were enhanced 
at their resonance energies below 130 eV. Although there are many elements having resonances below 
100 eV, the resonance absorption radiography would cover more elements if the resonances at higher 
energies are available. Two-dimensional neutron counters are candidates of detectors to perform the 
neutron resonance absorption radiography at higher neutron energies even though the spatial resolution is 
limited around one millimeter at a minimum. The counting type detectors have also advantages to obtain 
images with lower statistic uncertainty by longer measurements due to lower background and modest data 
size compared to the method with a high-speed video camera. 
Demonstration measurements are indispensable to discuss new applications of a newly developing 
technique. It is, however, not a smart strategy to carry out demonstrations for all available elements in the 
neutron resonance absorption radiography. In the conventional X-ray and neutron radiography the mass 
attenuation coefficients have been a good index of visibility of the techniques. The resonance absorption 
radiography also needs to summarize such index especially to attract potential users and to create new 
applications.  
In this paper, some demonstration measurements of the neutron resonance absorption radiography are 
carried out up to several keV by using two-dimensional neutron counters of a lithium-glass pixel type 
scintillator [4] and a gas electron multiplication (GEM) neutron detector [5]. Based on the results of 
themeasurements, a visibility index of the resonance absorption radiography is proposed. This result will 
be considered to discuss a development strategy of the elemental option of the new neutron imaging beam 
line in MLF/J-PARC. 
2. Experiments 
2.1. Lithium-glass pixel type scintillator  
Sato et al [4] had developed a two-dimensional position sensitive detector for the time-of-flight 
neutron imaging technique. The detector consists of 16 x 16 = 256 of lithium-6 glass scintillator pixels 
(2.1 x 2.1 mm2 each) and a multi-anode photomultiplier tubes assembly. Neutron resonance absorption 
measurements at NOBORU [1, 2] in MLF/J-PARC were carried out by detecting pulsed neutrons with 
this detector through six metal foils of cobalt (1 mm in thickness), cadmium (1 mm), tantalum (0.1 and 
0.01 mm), gold (0.02 mm) and indium (0.03 mm) as same as the demonstration measurement with the 
high-speed video camera [3].  
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Fig. 1 Neutron transmission images at resonance energies of cobalt, cadmium, gold, tantalum and indium. 
Fig. 2 Neutron transmission plot of the inner parts of 1-euro and 2-euro coins, as a function of neutron energy. 
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The proton beam power at the measurement was 4 kW since this measurement was carried out just 
after opening J-PARC to users. It was confirmed that this detector is available for the resonance 
absorption radiography up to about 5 keV as shown in Fig. 1.  
 
For a demonstration measurement of practical samples at higher energies, neutron transmission images of 
coins of 1-euro and 2-euro were also measured as a function of neutron energy. The outer part of 1- 
euro and the inner part of 2-euro coins consists of 75% of copper, 20% of zinc and 5 % of nickel, while 
the inner part of 1-euro and the outer part of 2-euro consists of 75% of copper and 25% of nickel. The 
major difference of the inner and the outer part is the existence of zinc. Figure 2 shows the neutron 
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Fig. 3 Neutron transmission images of 1-euro and 2-euro coins at resonance energy of zinc and copper. 
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Fig.4 Total cross section of copper below 3 keV obtained by summing that of copper-63 and 65 cited from 
JENDL-4.0 [6] with the weight of natural abundance.
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transmissions at the inner part of 2-euro, including zinc, and the inner part of 1-euro. Dips corresponding 
to copper at 2.04 keV and 579 eV and zinc at 517 eV and 2.63 keV are shown in the former while only 
those to copper are shown in the latter. The deepest dips of copper and zinc are shown at 2.04 keV and 
517 eV, respectively. Figure 3 shows the transmission images of the coins at the energies of the deepest 
dips of copper and zinc. The difference of materials of the inner and the outer parts are clearly 
distinguished. Figure 4 shows total cross section of copper below 3 keV produced by summing those of 
copper-63 and copper-65 in JENDL-4.0 [6] with the weight of natural abundance of each nuclide. As 
shown in Fig. 2 the largest dip corresponding to copper was not found at 579 eV but at 2.04 keV in spite 
of that the largest peak cross section was given at 579 eV. This result indicated that discussions of the 
visibility should take into account not only peak cross-section values but also energies and widths of 
resonances.  
2.2. Gas electron multiplication neutron detector 
The lithium-glass scintillator detector has been commonly used for neutron measurements. A state-of-
the-art two dimensional neutron detector with higher spatial resolution have been developed. Uno et al. 
[5] had developed a position sensitive neutron detector with a gas electron multiplier (GEM) [7], which is 
a thin flexible printed-circuit-board with many small holes. For detection of neutrons, thin boron is coated 
on the both surfaces of a GEM foil. The authors carried out a demonstration measurement of resonance 
absorption radiography by using the GEM neutron detector having a detection area of 10 x 10 cm2 with 
127 x 127 channels at NOBORU in MLF/J-PARC. Neutrons were detected through foils of cobalt, 
tantalum, molybdenum, manganese-copper alloy and soda-lime glass at the proton beam power of 20 kW. 
A boron rubber and a cadmium plate were put at the end of a neutron flight tube to cut unnecessary low 
energy neutrons for this measurement. Figure 5 shows a photograph of samples and resonance absorption 
images of the samples derived by taking logarithm of inverse of neutron transmission rate which is 
equivalent to ΣT, where Σ is the macroscopic cross section and T the thickness of sample. It is important 
to obtain ΣT value to realize the computer tomography (CT) with the resonance absorption radiography. 
The images of cobalt at about 5 keV and 132 eV, sodium at 2.9 keV and tantalum at 4.3 eV were clearly 
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Fig. 5 Photograph of samples and measured two-dimensional distributions of ΣT values at resonance energies of samples 
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recognized. Those of manganese at 336 eV and molybdenum at 45 eV were recognized after applying 
noise reduction filter of ‘despekle’, which replaces each pixel with the median value in its 3x3 
neighborhood, equipped in ImageJ software [8]. No image of copper was recognized at any energy. It 
suggested that the thickness of 0.1 mm was not enough for the resonance absorption imaging of cupper 
with this experimental condition. Higher energy resolution and longer irradiation time is necessary. 
Figure 6 shows energy dependent ΣT values of cobalt (upper) and tantalum (lower) obtained in the 
present measurements and that derived with the evaluated nuclear data library JENDL-4.0 [6]. In the 
upper figure the measured resonance peak at 132 eV is found to be much smaller than the derived one. 
Fig. 6 Comparison of measured energy dependent ΣT value (macroscopic total cross section multiplied by 
sample thickness) with that derived from the evaluated nuclear data library JENDL-4.0 [6]. 
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This was caused by some neutrons detected around the resonance peak, where almost no neutron was 
detectable considering the neutron attenuation rate. One of the sources of this background is expected to 
be scattered neutrons in the experimental room. In the future studies it may be reduced by shielding the 
detector. The measured values exhibit good agreement with those derived from the nuclear data library in 
the range of ΣT values from 0.1 and 2 (the ΣT values of 0.1 and 2 correspond to the transmission ratios of 
0.9 and 0.1, respectively). It is suggested that a quantitative analysis in this range is available by using 
measured energy-dependent neutron-attenuations although the background needs to be taken into account. 
In the lower figure of Fig.6 not only a resonance peak at 4.3 eV but also that at 10 eV are recognized in 
the measured data even though the measured data was very noisy due to low statistic accuracies. No 
enhanced image of tantalum sample, however, was recognized in the two-dimensional image at 10 eV. 
The curves of Fig.6 were obtained by integrating over the sample area (about 123 mm2) while the two-
dimensional image is a series of small dots (about 0.62 mm2 in area). Therefore the enhanced image of 
tantalum at 10 eV might be shown in a two-dimensional image of reduced spatial resolution. 
3. Estimation of visibility 
Some demonstration measurements of resonance absorption radiography had been carried out by using 
NOBORU in MLF/J-PARC. The enhanced images were obtained for the thin tantalum, gold and indium 
samples of several tens of micro-meter in thickness. On the other hand, the thickness in the order of 
millimeter was necessary to obtain the resonance image of copper. Commonly the mass attenuation 
Fig. 7 Mass attenuation coefficients at resonance energies and at 25 meV as a function of atomic number. 
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coefficient is used to indicate visibility of element in the X-ray and the conventional neutron radiography. 
Figure 7 compares the mass attenuation coefficients at resonance energies derived by using the total cross 
section mainly in the evaluated nuclear data library of JENDL-4.0 with those at 25 meV. The cross 
sections of cerium, holmium, iridium, lutetium, rhenium, thallium and tungsten were cited from ENDF/B-
VII.1[9], and that of platinum was from JEFF-3.1[10]. Cross sections of each isotope were summed after 
multiplying natural abundance. Most elements have more than one resonance. To select the most suitable 
resonance for the resonance absorption radiography of each element, the authors selected the resonance 
having the highest visibility index, Iv, (mentioned later). It is indicated that the mass attenuation 
coefficients are higher in the resonance absorption radiography (by the order of 2 in average) for most of 
elements. The energies of the selected resonances are shown in Fig. 8 as a function of atomic number. It 
was found the resonance energy decrease with increasing the atomic number. The highest energy of 
resonance absorption radiography is limited below several keV at present because of lower detector 
efficiencies at higher energies, time resolutions, dead time after gamma-flash of a pulsed source, and etc. 
Therefore detector developments are required to perform the resonance absorption radiography for most 
of elements with atomic number below 30. 
The resonance width also needs to be taken into account for discussions of visibility in the resonance 
absorption radiography. The demonstration measurement by the lithium-glass pixel type scintillator 
detector in this paper found that the higher resonance peak did not always gave the higher enhancement as 
shown in the case of copper resonances at 579 eV and 2.04 keV. Although precise estimations of 
visibility need detail simulation including neutron pulse structures, time responses of detector, sample 
thickness and so on, the authors defined a visibility index, Iv, for simplicity and universality as follows: 
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Fig. 8 Energies of neutron resonances giving the largest ‘visibility index, Iv’ for every elements. 
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where Na is Avogadro constant, σpk the resonance peak cross section, M the atomic weight, ΔE the full 
width at half maximum of the resonance and Epk the resonance energy. Note that Naσpk/M is equivalent to 
the mass attenuation coefficient. Figure 9 shows the visibility index as a function of the atomic number. 
The visibility index of indium, tantalum and gold were in the range between 1 and 10, and the 
demonstration measurements of these elements were performed with sample thickness of several tens 
micrometers. It indicated that other elements having visibility index in this range were available with 
samples of the comparable thickness. The demonstration measurement of copper and zinc, the visibility 
index was about 0.1, were performed with the samples of several millimeters in thickness. The required 
thickness of elements having the visibility index of about 0.1 is expected to be in the order of millimeters. 
The defined visibility index can be a good measure to estimate required thickness for the resonance 
absorption radiography as discussed in this way. Larger advantages of the resonance absorption 
radiography are obtainable for the elements having higher Iv values. Assuming to select the elements 
having Iv values above 1 and Epk below 5 keV (the neutron energy already demonstrated), the following 
twenty elements would be the primary candidates to explore new applications: sodium (Na), manganese 
(Mn), cobalt (Co), rhodium (Rh), silver (Ag), cadmium (Cd), indium (In), xenon (Xe), cesium (Cs), 
Fig. 9 Visibility index for neutron resonance absorption radiography as a function of the atomic number. 
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samarium (Sm), europium (Eu), dysprosium (Dy), erbium (Er), thulium (Tm), hafnium (Hf), tantalum 
(Ta), tungsten (W), rhenium (Re), iridium (Ir) and gold (Au). 
4. Conclusions 
The authors demonstrated the resonance absorption radiography of cobalt, copper, zinc, cadmium, 
indium, tantalum and gold by the lithium-glass pixel type scintillator and of sodium, manganese, cobalt, 
molybdenum and tantalum by the gas electron multiplication neutron detector. The resonance absorption 
radiography at several keV was successfully performed for cobalt (~ 5keV), sodium (2.9 keV) and copper 
(2.0 keV). 
The comparison of the mass attenuation coefficients at the resonance energy with those at 25 meV 
indicated that the resonance absorption radiography provided higher coefficients by 2 orders of magnitude 
in average. Taking into account the energy dependency of cross section the visibility index was proposed 
to summarize the visibility of natural elements simply. Twenty of elements were indicated to bring about 
large advantages by the resonance absorption radiography. It would be a promising strategy to find 
applications utilizing enhanced images of one (or some) of these elements to take full advantage of the 
function to measure elemental distribution provided by the new neutron imaging beam line in MLF/J-
PARC. 
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